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LARGE METROPOLITAN CITY*

Milton C. Krupka and S. V. Jackson
Technology Assessment Group
Analysis anc Assessment Division
Los Alamos National Laboratory
University of California

Los Alamos, New Mexico 87545, USA

ABSTRACT

The incorporation of flywheel energy storage systems (FESS) into
automotive vehicles has been under consideration tor some time. Previous
studies have suggested that FESS can yield substantial penefits in automotive
vehicle operation, particularly for urban driving.

This paper describes an asscssment of the impacts resulting from
incorporation of FESS into automotive fleets in a large metropolican city.
Specifically, the case of taxicab fleet operation within New York City is
examined. lUnique features of taxicab flecets are noted and taxicab operational
characteristics within New York City are detailed. Based upon available Khew
York City operational data, a levelized life-cycle cost romparison hetween a
standard internal combustion cngine vehicle (ICEV) in present use as a taxicab
and a projected FESS/ICEV taxicab is generated. Energy-savings and
environmental benefits are discussrd, and potential institutional barriers to
FESS implementation are identified.

The resvlts obtained from this study generally emphasize the value ot
incorporating flywheel energy <torane systems into future vehiclee designed
for Laxicab use,

l. INTRODUCT fON

The most impertant «hallenge tacing the future Jevelopment ot the
automot ive vehicle is the issue of eneray conservation,  Stringent fuel
eccunogiy and emissions contrel goals have been mandated for the torthcomring
docade,  Achiovement of thege goels will require new research and develepment
mitratves, desran and production engineering, and the successful
demonstration of energy-saving technolegies that can be introduced into
autometive vehicloes,

Automative venicles are the simgle largest coers, of petroleam an the
nation,  There are a number of wavs asage may he reduces, One ¢! the menst
promising is through the yue of energy s torage wostems copaed with optamied
doevtgqr s of the engiee and power tratn,

Sty spoencoted wnder the auspioes ot the Umited " rates Departeent of nergy,



The use of a flywheel energy storage system (FESS) in transportation
applications n.as been advocated for some time [1]. Only recently, however,
has interest in flywheel technology increased. This is due primarily to both
the overall energy situation and the major advancements in materials science
and engineering as applied to flywheel system development. Major
developmental programs relating to flywheel applications within the’
transportation sector were conducted during the past decade by the Department
of Transportation, Department of Energy (Lawrence Livermore National
laboratory) and several private organizations.

Studies and practical demonstrations have shown that the FESS can yield
substantial benefits to cutomotive vehicle operation provided: [a) care is
taken to minimize parasitic losses in the various components of the
FESS-transmission systam; (b) operation and driving patterns of the vehicle
are a~complished in select modes, e.q., urban driving; and (c) engine designs
are optimized.

The flywheel stores rotational sinetic energy. Rapid charge/discharge
rates at high power levels are characteristic. Thus, the system provides a
load-leveling function for the prime energy mover and the mover design can be
optimized. In addition, the flywheel can recover the kinetic energy that
otherwise would be rejected during deceleration (regenerative braking). Thus,
edditional energy will be available for later use, which again relieves the
load on the prime energy mover.

ihe objective of the study is to present a preliminary 3ssessment and
eviluation of the nconomic, environmental, and energy-savings benefits of the
introduction of a4 flywheel energy storage system into a standard internal
combustion engine vehicle (ICEV). In particular, because benefits are
nrowumably maximized for urban driving, the taxicab fleet operating in New
Sork Uity 15 ecaminer,

The study generates levelized life-cycle costs on the basis of available
vratiag casts of the present-day caxicab [CEV and projected costs or a
Carancal tlvwhed T-hybrid (FESS/TCEV) . Sensitivity studies for select
Cooare tore dmnortant for econonic viability are made. In addition, sotential
voarrnvement s in e sions and enerqgy sdaviags are determined and several
ettt gt barrrers e oimplementation are identified,

J.  RUTORMOTIVE FLEET VIRICHE MARKE v ARD TAXICAB SECTOR

Tavicaly operate primerily in two modes, either (1) as ird pendent
Cotier Jaravery gr () oas tleets of vehicies ranging from a minimum of two or
b (o inmitleots) to several hundred,  The {leet market, in general, is
part uracly valuabie as a technologic al test market for new vehicle and

Compone it deian such as tlywilee D systems because |2

Ao v lata ity of professionel manmagenent and fiscal resources permits
g Migher dooper of rich o iavalvement;

raantenate ey veh e contrel, and record-hevping practicey exist;
vohtg bew can be annrmed o oot e and well-def ined mivsions;
a looge and operetcnal dota acounalate vapardlyy oand

L e 1 Yagh prestuc vty



Because of the diversity of purpose existing within the fleet market, it
is convenient to subdivide the fleet into a number of sectors, one of which is
the taxicab sector. The taxicab fleet represents a small but significant
entity in terms of its contribution to the transportation industry. Although
the main service of taxicabs has been transportation of passengers, the
industry is diversifying and including a varieily ~f services categorized as
“paratransit" activities. In this paper, only passenger transpsrtation is
considered.

The diversity of fleet vehicle usage results in a variety of criteria
that fleet operators must contend with in selection of vehicles. In
considering the purchase of vehicles within the taxicab sector, surveys have
indicated that maintenance represents the primary purchase criterion with
life-cycle costs and reliability close secondary criteria. This is perhaps
better understood when it is realized that the operational environment for
taxicabs is relatively severe especially those that operate more or less
continually in congested central business districts (CBD).

3. NEw YORK CITY TAXICAB (CPERATION

Both public regulatory ind private sector agencies have provided data
helpful for the characterization of New York City taxicab operation.
Information was provided from several sources bul maior contributions were
obtained from the New York City Taxi and L imousine Commission* and the
Metropolitan Taxicab Board of Trade, Inc.,** an association of flert taxicab
companies.

Characterization nf taxicab operation in New York City is difficult
because there are several systems. There are approximately 12,000 licensed
taxicabs, controlled by the Kew York City Tavi and Limousine Comnission,

About 50% operate as fleets and minifleets and the remainder as indcpendent
owner/drivers, There is also a substantial but indeterminate number of livery
service vehicles {qypsies) operating within and without the city limits and
not controlled by the Commission,

Characteristics unigu~ to the Kew York City taxicab sector include: very
high annual mileage accumulation (50,000 to 80,000 miles); relatively short
vehicle Tifetime (18 to 36 months); urban stop-go driving end siynificant
braking; low average speed (about 7 to 11 mph) and low average gasoline
mileage (about 10 mpy) in central business districts (C8D).  Additional
characteristics, operating parameters, and data used for the economic analysis
are given in {3]).

a. LLONOMIC ANALYS!S

A Tevelized life-cycle cost (LIC) methodology vas used to perform the
veonomic analysis.  The advantage of 112 is that the total operat na cont,

“oow York City Tavi and Luousine Coneascion, 67 Wall Street, hew York (1ty,
vow York oooh,

“hctropolitan Tavicab Feard of Tradey Toc,, M-16 Eridae Plagza South, Long
Pudand City, Rew York 1100, This crqanisation contrals the fleet operat ion

ot Gt V00 tavicalsy deut S of these hicensed,



including the capital investment, is characterized by a single number. A
detailed discussion of LLC methodology is contained in the user's manual for
the computer code (BICYCLE) used in this analysis [4]. The data used in the
analysis reflect primarily that relating to fleet operation with estimates
made wherr necessary. Three separate systems of interest werc estab]ished for
c tional purposes. Results are shown in Fig. 1.

a. For fleet operation, the iife-cycle cost for a FESS/ICEV is less by
3.3¢/paid mile. Although this may be a small percentage decrease relative to
tatal costs, it should be noted that the bulk cof the costs making up the total
‘e.g., driver/dispatcher) has little to do with FESS. Also, since the systen
is new, operating and maiitenance (0 & M) costs have been increased to
reflect a conservative viewpoint at least for the early commercialization
stage. These costs should decrease in time with due reflection in the
life-cycle cost advantage.

b. The FESS/ICEV fuel cost (fleet operation) for the samc annual mileage
is less. This 1s implicit in the analy:.is.
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c. The cost of driving and dispatch constitutes the major cost to all
systems, 47 to 57%, depending on the system.

d. The capital costs are a small fraction of the total and are less than
the costs of fuel. This suggests that further investments in capital may be
warranted to insure additional fuel economy. In other words, should the FESS
system be more costly than anticipated, investmenti may still be worthwhile.

e. Costs are indicated in paid miles, a factor of interest to both
industry and regulatory agencies.

f. Total costs for the independent owner/driver vs. fleet ICEV are less

primarily because of assumed driver labor and other financial parameter
variation.

Data for 1985 are shown because Lhis date is considered to be the

carliest possible for int.oducing any significant quantity of FESS/ICEV
taxicabs.

Sensitivity studies were performed on several parameters of interest.
These include levelized life-cycle costs vs: (a) utilization factor; (b)
FESS/ICEV fuel economy ratio; (c) FESS/ICEV-ICEV capital cost ratio; and (d)

fuel cost. Results are shown in Figs. 2 to 5. Only fleet operation data were
used in these studies.

Life-cycle costs are somewhat less for a FESS/ICEV system at all
utilization factors (Fig. 2). At 100% utilization, paid and total
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transportation mijles are coincident. [In 1975 utilization averaged about 53 to
56%. The higher utilization (about 75%) for New York City is in part due to a
heavier concentration of licensed fleet vehicles in the CBD whereas the 1975
data represents national averages in many areas. As might be expected,
benefits increase with higher utilization rates.

Life-cycle costs of FESS/ICEV are reduced with continued improvement in
fuel economy relative to a base value 10 mpy (1.0 ratio) for the ICEV (Fig.
3). The treakeven gqasoline mileage is about 11.8 mpa. Operating costs are
higher for FESS/ICEV above the breakeven point,

The life-cyc'e cost vs. the capital cost ratio is of particular interest
(Figq. 4). It suggests that the capital rosts for a F!SS/ICEV could be
increased as much as 5U% bhefore exceeding the ICEV life-cycle costs. This

asaditinnal capital investment would be warranted to achicve projucted gains in
fuel economy,

The FESS/ICEV system is less costly at all velues of gasoline cost shown
n Fig. 5. An interpolation would demurstrate breakeven cott at about 60 to
6% /¢uy in this stuay, As fuel (nsts increase, the FESS/ICEV becomes
negaressivoly more economical,

PRERGY ColS G VRTINN ARALYSTS

luel coorurption for 3 given vehicle in specific driving modes is
detertned by the complox anteraction of: {4} several enginering features of
the vemc ey fh) trattae contrel sveteeens ang (c) individual driver reactions
et e it ae it otion tnat g,



The gain in fuel economy projected to come from FESS in a vehicular
application is the result of not only the regenerative braking concept but
also the concurrent efficient operation of an optimized engine and drive train
system. This combined engineered- system has been studied by several groups,
notably the University of Wisconsin, for a number of years. A 3000 1b (1364
kg) vehicle was built and tested over the Federal Urban Drive Cycle and
demonstrated a mileage improvement of about 50 percent over a corresponding
standard production vehicle [5]). Further, simulation studies have shown that
a 75% improvement is feasible with currently available system components and
that, with continued research and development, a possible 100% may be
reached. Applied to the taxiccb industry generally and to the operations in
New York City, these results are significant.

Savings in fuel by New York City licensed taxicabs can be shown directly,
assuming the 50% gain in fuel economy, i.e., from 10 mpg to 15 mpg for fleets
and from 12 mpg to 18 mpg for the independents [3]. This increase in mileage
per gallon translates to a 33.3% savings in fuel purchases annually for the
same total annual mileage. There are about 12,000 licensed taxicabs in the
city, which accumulate 0,000 end 50,000 miles per ycar (fleets and
independents, respectively). A prorated calculation shows the total zmount of
gasoline saved to be 25 x 106 gal/year. The energy equivalent of automotive
gasoline is about 125,000 Btu/gal. Thus, about 3.1 x 1012 Btu/year can be
saved. At a cost of $1.20 per gallon of gasoline, the savings for the entire
fleet is $30 x 106/year. Practically speaking, these savings will be
reduced by some fraction bacause of inciusion of some percentage of extended
urt:an and highway travel.

Although it it tempting to extrapolate these numbers to the national
taxicab {leet (about 207,000 venicles) [6], it should be understood that
tavical eperation in New York City is by no means equivalent to those in other
cities, Thern are too many other variables such as urban design, traffic
contrel, cystem variation, ana inclusion of available freeway traffic. For
avam- 1o, 1t has been shown tnat about 45 percent more gasoline is uc~d in the
foew voon Taty/Newark CBD compared to the Los Angeles CED to travel tne same
yntanees (7] The fraction of the national fleet that drives in a manner
corpvrlont to that in New York City i5 unknown.

i ELVTRO PRI NS TIERATIORG

fneintroduction of flywheal technnloygy is likely to have its most
rot st T ettt s upon gir cuality (emissions) and associated health impacts,
vy tally in ourban enavironments,  Because CBDS have the highest pollution
Lewela, the emissons study focused on Manhattan, New York City's prime CBD,

heo how York Tity Taxicab and Limousine Comrission mandates strict
cevcan standards, Licensed taxicabs most underqgo emission checks three
faea o yearly on both spobt check and scneduled Lases (noncentrolled livery
corvice cabn < once vearly) . Inis check includes engine idle exhaust analyses
' G twemngten) .,

Tree i redin tran ot TES into Lane gl by Jushoand Leyontt shoudd reduce
e ot her due e tgel gyage redgeticn (heyond evolutionary eroitee and
a e Dl denign g provernent
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Flywheel rotors operate within a vacuum (< 1 torr) so as to reduce, among
other effects, aercdynamic heating. Should the pressure rise to ambient while
the rotor is spinning rapidly, the potential exists fc~ a gas molecule-surface
interaction that will cause overhecating and in the cas - where composite rotors
are used, a possible fire. Comntustion of organic materials releases gases and
particulates. The exact nature of these combustion products or emissions will
depend, in part, upon the specific parent materials. Proper design
engineering should minimize such occurrences.

Because New York City also regulates noise levels, any noise problems
presently encountered in development should be solved pefore introduction into
the city environment.

7. INSTITUTIONAL ISSUES

A number of institutional barriers that may visibly affect deployment of
FESS/ICEV vehicles in the taxicab market sector have been identified. These
inc lude:

a. the automobile industry production infrastructure as it relates to
the market for taxicabs. The number of vehicles classified as taxicabs is
small. The passenger vehicle industry has huge capital investments, and the
research and developiment activities tend to emphasize evolutionary
modifications. The economies of large scale production may inhibit immediate
FESS production unless the total market is enlarged, i.e., to levels more
consistent with national passenger vehicle numbers. If not, the resulting
"specialty" market may produce items with higher price tags and, for the short
term, there could be limited availability of components.

b. lack of maintenance and service informatior for the taxicab industry,
which prefers relatively short downtime periods. Considering the general
design of FESS and associated controls, additional service requirements may be
anticipated including new training and reorientation for wrechanics.

c. the ownership of patent or commercial rights relating to component
development by contractors using covernment funds. This problem pervades many
other programs sponsored by Federal agencies. Generally, the contractor is
not permitted to retain tihese rights. Thus, tne succens of an individual
company, especially a small one, may be at stake. The net result is often a
delay in market penetration despite the availability of technology and
operating fleet vehicles.

d. the necessary educdtion ot requlators, liability insurers, and the
public with rospect to the safety of FELS. Safety considerations hae not
been previously discussed in terms of the technical aspects. Nevertheless,
the safety issue cannot be ignored in an institutional sense. Insurarce
companies will want information such as safety test data, crash effects, and
damage repairability befcre issuing liahility policies. This is especially
important in the hew York City arce. KA question that will be ashed is whether
or not the flywheel introduces 3 deygree of hazerd beyond thet of the present
type of ICEV. Product liability with respect to the manufacturer also
concerns the insurance industry. Some rinimal and additional Federal safety
standards may have to be developed for FESS/ICE, especially it new harards gra
shown to exist., At the moment, there is no proven track record for the
cystem, althouan fail-safe designs may exist. A strong educatioral proaram
for the insurers, the public and the state, and nunicipal vehicle reqistration
and reaulatory agencies will be reauired.



Certain other institutional barriers are described in [3].

Nn the more positive side, a precedent is availabie in New York City
recarding taxicab fleet advanced technology demonstrations. Pecently,
successful tests of cdiesel engine-powered taxicabs have been completed [8].
Generally, various other regulations in !iew York City do not appear to be
restrictive.

¥ SUMMARY AND CONCLUSIONS

o The automotive fleet market provides a valuable test bed for advanced
technologqy applied to the transportation sector.

o For the taxicab sector, the primary purchase criterion appears to be
maintenance and parts availability with life-cycle costs and
reliability rurnnine a close second.

o Characteristics unique to the New York City taxicab industry
include: wvery high ennuzl milraye accumulction (50,000 to 80,000
milae): relatively short vehicle lifetime (18 to 36 months); urban
stop ao driving and siqnificant braking; low average speed (about 7
to 11 rph) and luw averasae gasoline mileage (about 10 mph) in central
husiness districts (CBD).

o naracterization of taxicai: operation in New York City is difficult
Loecause there are several systems,  [Data obtained dr) used for Lhe
ccomoemic anglysis reflect primarily that relating to fleet operation,

holavelised life-cycle cost (LLC) methndoloqy was used to perform the
ecanomic end'ys1s, Resulty abtained sungest that:

a. flyeneel-int ornal combustion engine vehicle (FESS/ICEV,) costs are
liess/paid mile than those ot Lhe [CEV;

Yoo the rapital costs represent 4 small fraction of the total and are
lews than tue] coqty in both 7 ategories;
the cnst of driving and d -, . ch is the major cost in hoth

LN TUTIL IR FIT AN

“encativity studtos performed on several parvameters, emphasize the
ate ot FETC 00 tancal, operation 1 New Yore City,

rooan enals o nf enerqy=savings based upon a conservative H0% increase
it o0 amy (due to BESS incorporation into an [CEV) sugqests a
gt e nt o savings in fael parchanes for equivalent annual
acourg laded miteaae.

Envirvonment @l timprovement in the form of reduced emissions is to be
v b with the introdoction of FESS/ZICEV taricabs.

Varae-seale demonstration tedl would provide o more acurate

cealuatton of the henet ity coagestod by this study,
o s L .',l' l ‘

I, L0 Laweon, "Iy There a Flywheol in vour Fature? (" Fngineering know-How
coipgime Dedigr = Part 21, WAL SPo3/0 (Raech 107 2)



J. R. Waaner, "Fleet C)erator Data 5ock (Summer 1977 Data); MNaticnal
Data," 1, ENL-50904 (September 1979); Regional Data, 2, Draft {July 19%0).

M. C. Krupka and S. V. Jackson, "A Preliminary Assessment of the Impact
of Flywheel Energy Storage Technology on Taxicab Fleet Operation in a
Large Metropolitan City," LA-8722-MS (February 1931).

R. W. Hardie, "BICYCLE - A Computer Code for Calculating Levelized
Life-Cycle Costs," LA-8493-MS (August 1980).

N. H. Beachley and A. A. Frank, "Flywheel Enercy Management Systemns for
Improving the Fuel Economy of Motor Vehicles," Final report,
DOT/RSPA/DPB-50/79/1 (August 1979).

Mutomotive Mleet, Bobit Publishing Company, Redondo Beach, CA (April
1¢80;., Note--this is a monthly magazine.

M. F. Crhang and R. Herman, "An Attempt to Characterize Traffic in
Metropolitan Areas," Transporation Science, 12 (1) (February 1978).

K. M, Hergenrother, "Comparison of Fuel Economy ard Emissions for Diesel
and Gasoline-Pow2red Taxicabs," Final report, US Department of
Transportation, UNTA-MA-66-0066-79-1 (July 1979).



